The aim of this work is to study the application of microwave sintering to consolidate yttria-stabilized zirconia polycrystalline (Y-TZP) ceramics commonly applied in dentistry, so as to obtain highly dense materials and fine microstructure with shorter sintering cycles. Three Y-TZP materials are considered: two commercially available for dental applications and one laboratory studied powder. Microwave sintering was carried out at 1200 and 1300 ºC for 10 min and conventional sintering at 1300 and 1400 ºC for 2 h. Relative density, Vickers hardness and fracture toughness values for sintered samples were determined. Microwave sintering results, generally, in improved mechanical properties of the materials in terms of hardness and fracture toughness compared to conventional sintering and, in some cases, at lower sintering temperatures.
Introduction
Biomaterials could be defined as "implantable materials that perform their function in contact with living tissues". Biomaterials and tissue engineering sciences aim to develop materials, which can be implanted in the human body to replace damaged tissues. Depending on the function to perform, they can be manufactured from very different materials. If we focus on functional artificial biomaterials, the choice has to be made among metals, polymers and ceramics. Each group exhibits some a priori advantages and drawbacks. Ceramics, for instance, are the most biocompatible materials and can be obtained with biostable, bioactive or bioresorbable properties, but their main drawbacks are their hardness and fragility.
Y-TZP materials have become increasingly important in the last few decades as biomaterials for dental restorations and implants. Due to their superior mechanical properties, biocompatibility with human tissue and enhanced optical properties, these materials have become widely applied commercially and its characteristics profoundly studied. Very fine-grain microstructures may be obtained (particle size <0.5 µm) from Y-TZP powders. Regarding mechanical properties, fracture toughness and hardness values are relatively high compared to other bioceramics (4) (5) (6) (7) (8) ½ and >12 GPa, respectively [1] ) and fracture strength values range between 900 and 1200 MPa.
According to Guazzato et al. [2] , this mechanical behavior allows them to satisfy the requirements necessary for dental applications. Y-TZP materials contain between 1.5 and 3.5 mol% Y 2 O 3 in solid solution as phase stabiliser because this range allows for almost 100 % tetragonal (t) phase content. The high fracture toughness values of Y-TZP ceramics are due to the strengthening that results when a spontaneous phase transformation from t to monoclinic (m) zirconia occurs as a crack propagates through the material, where the m-phase particles that have been transformed surround and enclose the crack inhibiting its growth, a mechanism known as transformation toughening [3] .
Mechanical properties and microstructure of Y-TZP sintered materials are strongly influenced by the degree of densification and grain nucleation that result due to the sintering process. This is, in turn, determined by the heating mechanisms that take place within the material. Current commercial sintering of ceramic dental materials, such as Y-TZP, is based on conventional heat transfer mechanisms: conduction, convection and radiation. In this case, heat is generated from heating elements and a temperature gradient arises, as heat is transferred from the surface to the material´s core. This method, however, requires long processing times. As a consequence, grain broadening occurs [4] , which leads to a decrease in the final mechanical properties of the material [5, 6] . It also requires a high energy consumption to reach such high temperatures and maintain it for long periods of time (around 2 h or more) if fully-dense materials are desired.
Currently, innovative sintering methods are being explored and studied in order to modify densification mechanisms that may improve the microstructure and mechanical properties of sintered materials and also, is very important to reduce time fabrication of these materials. Two main stages have been recognized during the sintering process:
densification and grain growth [7] . The main purpose for modifying sintering mechanisms is to obtain relative densities close to theoretical values, while maintaining a controlled, but limited, grain growth [8] . Also, optimization of the process by reducing the sintering time to decrease energy consumption and/or increasing heating rates is important aspects that are being considered [9] . As a consequence, in order to improve the sintering process novel non-conventional sintering methods have been investigated and developed.
One advantageous and useful method that allows the modification of the densification mechanisms and faster processing of Y-TZP ceramics is microwave sintering [10] . In this case, traditional heat transfer mechanisms are not the driving force for densification.
Instead, it is the energy conversion of electromagnetic radiation into heat by the material itself due to the material´s dielectric properties [11, 12] . As the temperature rises, mass diffusion mechanisms are activated forming bridges between particles in what is known as necking, which consolidates the ceramic body. Heating profiles between microwave and conventional sintering differ greatly since, in conventional sintering, heat flows from the surface of the material to its interior. In microwave sintering, heat is generated within the material core, where particles are more constrained than on the surface.
Friction among tighter particles in the bulk creates a temperature gradient where heat flows from the inside to the surface; in what is known as volumetric heating [13] [14] [15] .
Because it is a non-contact technique, the effects of differential sintering are minimized [16] , which is another advantage over conventional sintering methods, where differential densification is an important problem that arises from the slow heating rates.
Previous reports [17] [18] [19] have demonstrated that with this method, highly dense materials can be obtained without substantial grain coarsening because dwell time is considerably shorter and heating rates are quite high in comparison with conventional sintering [20] . Energy consumption is also significantly reduced as a consequence of the mechanisms involve in microwave heating and the aforementioned shortening of processing times. As a result, several advantages arise including improved mechanical properties and reduced environmental impact [21, 22] . Therefore, microwave sintering represents an interesting and innovative alternative to consolidating dental restorations based on Y-TZP material. Replacement these pieces are particularly costly, because, the fabrication of Y-TZP restorations is expensive and demanding due to properties of this material and the technical sensitivity. This method may provide lower costs for dental professionals and customers maintaining or even improving the quality of the final product.
Microwave systems usually employ a frequency of 2.45 GHz for heating purposes. The energy from microwaves is transferred to materials by the interaction of the electromagnetic field with a molecular dipole. The effect of this field is ultimately determined by the material´s dielectric properties. In the presence of an oscillating electric field, such as the one induced by microwaves, molecular dipoles in dielectric materials will rotate continuously in order to align with the field. Heat is generated due to the molecules´ internal resistance to these rotations [23] . The rise in temperature is determined by the amount of energy absorbed in the process. The acceleration of diffusion mechanisms during sintering by the oscillating electric field has also been proposed by some authors to explain enhancement of the sintering process, in what is called a "microwave effect" [24] .
The objective of this work is to correlate the microwave heating processing with the microstructure and mechanical properties and its comparison with conventional sintering for Y-TZP materials commonly utilized in the dental field and its advantages.
Materials and Methods
Three Y-TZP materials stabilized with 3 mol% Y 2 O 3 were considered and evaluated in this work. Two are commercial zirconia materials readily available and widely utilized for dental applications, LAVA, (3M, St. Paul, Minneapolis, USA) and VITA (In-Ceram YZ, Vita Zahnfabrik, Bad Säckingen, Germany). According to manufacturer´s specifications sheet, LAVA and VITA zirconia materials were supplied as a pre-sintered blocks according to the International Organization for Standardization, 1998 [25] .
Samples have been cut from the pre-sintered blocks and shaped into 10 mm-diameter cylinders. The third one is modified Y-TZP powder (TZ3YS, TOSOH, Japan), which has been prepared in the laboratory by colloidal processing optimizing its rheological behavior, thus resulting in a more homogeneous material in terms of particle size than the commercial materials. The average particle size of this powder is approximately 100
nm. For a description of the preparation process of this powder see Reference 26.
Green samples were obtained by uniaxial compression of the powders in order to consolidate cylindrical bodies with 10 mm in diameter. The purpose for selecting these materials was also to compare the resulting properties of the commercial ones to those of a more adjusted and carefully prepared starting material.
Sintering of samples by the conventional method (CS) was carried out in an electrical furnace (Thermolyne type 46100, Thermo Fisher Scientific) in atmospheric conditions at two different temperatures: 1300 and 1400 °C, a holding time of 2 h and with a heating rate of 10 °C/min.
Microwave sintering (MW) of samples was performed in an experimental microwave system with a 2.45 GHz frequency. Samples were introduced in a mono-mode, rectangular cavity that is automatically adjusted to optimize microwave absorption by the material that allows controlling the heating rates (100 ºC/min), sintering temperature (1200 and 1300 ºC) and holding time (10 min). These sintering parameters were previously introduced in the control software [27] . Temperature was measured on the sample surface with the aid of an optical pyrometer previously calibrated for the selected temperatures. A silicon carbide susceptor, which acts as a hybrid-heating element, is employed in order to aid sample heating in the microwave cavity. These conditions have been selected based on previous studies in our research group, which
demonstrate that under such temperatures and dwell times materials with density values close to theoretical can be obtained [19, 22] . Table 1 summarizes the sintering conditions and the final grain size obtained for all samples sintered by microwave (MW) and conventional sintering (CS).
Results

Densification
Relative density values for all samples sintered via microwave and conventional sintering are shown in Figure 1 . Green density of pre-sintered blocks of zirconia commercial (LAVA and VITA) is around 40 % of theoretical density.
LAVA material sintered by MW presents high relative density >99 % of the theoretical density for both sintering temperatures. MW sintering provides the highest relative density value at a sintering temperature of 1200 ºC, even higher than CS at 1400 ºC. For VITA material, the relative density values obtained are low for both sintering techniques at lower temperatures, while relative density increases substantially when sintering temperature is increased by 100 ºC in both cases. TOSOH material also shows differences as the sintering temperature is increased by CS. MW sintering at 1200 ºC and CS at 1400 ºC show high relative density values. This demonstrates that microwave sintering provides a high degree of densification at lower sintering temperatures and shorter cycle times. . In the case of TOSOH material, the best value obtained corresponds to sample sintered at 1300 ºC by MW.
Mechanical properties
Microstructure and grain size
As can be seen in Figure 4 , the microstructure of LAVA material reveals significantly different grain sizes for samples sintered under different conditions. For MW-sintered samples, the average grain size is smaller (146 and 162 nm for 1200 and 1300 ºC, respectively) than CS samples (238 and 343 nm for 1300 and 1400 ºC, respectively). As sintering dwell times are shortened and heating rates are increased in microwave sintering, grain coarsening is substantially inhibited resulting in a finer microstructure.
The wide range of initial particle size that is characteristic of this material in particular is also reflected on the significant variations in grain sizes that occur in the microwavesintered sample at 1200 and 1300 ºC. In conventional sintering, however, longer sintering times and slower heating rates allow for the consolidation of bigger particles with a more homogeneous size distribution. As a result, the standard deviation values of the average grain sizes found in microwave-sintered samples are bigger than their conventionally sintered counterparts.
FE-SEM micrographs for VITA material are shown in Figure 5 . The average grain size of the MW-sintered samples (173 and 186 nm for 1200 and 1300 ºC, respectively) is still smaller than the average grain size for CS samples (229 and 286 nm for 1300 and 1400 ºC, respectively). Average grain size changes with sintering temperature and also with the method employed due to the different heating mechanisms that take place and processing times that are required. 
Discussion
The three materials processed and characterized in this study have provided relevant results regarding the behavior of Y-TZP materials under different sintering conditions.
LAVA material sintered via MW heating shows a higher degree of densification (99.1 %) compared to CS (97.7 %) at the same sintering temperature of 1300 ºC, in a considerably shorter amount of final sintering time, which is 10 min for MW instead of 2 h for CS. In other words, while the sintering time required to achieve relative densities above >97 % is 360 min using CS, the MW leads to high dense specimens in only 40 min. It is important to note that the final economic cost is very significant.
When comparing H v values of both sintering methods at the same sintering temperature (1300 ºC), the MW value (12.7 GPa) is lower than the CS value (13.6 GPa). These results contrast with those found in the literature [8] , where it has been determined that [29] and Inokoshi et al. [30] .
Grain size variation in LAVA material is quite significant, almost 80 nm when comparing MW sintering and CS at the same sintering temperature (Fig. 4b and 4c ).
This behavior may be attributed to the material being obtained as a pre-sintered block, where the differences in grain size became quite pronounced due to processing under different sintering conditions. In a pre-sintered material, particles have already formed necks among each other and, as dwell time is increased, they are able to consolidate larger particles. Also, the fact that two different heating mechanisms occur plays a significant role. In CS, grain boundaries heat first, which means that the regions in contact with other grains are hotter and activate mass diffusion among the grains quite rapidly. In contrast, MW heating is a volumetric type of heating and, in this case, the grains´ cores are heated first creating a temperature gradient that allows heat flow from the inside of the material to the grain boundary. As a consequence, one possibility is that the mass diffusion among particles at the grain boundaries occurs slower than for CS and smaller grains are obtained.
Additionally, heating rates also have a direct effect in the resulting microstructure. For the MW-sintered material, a heating rate of 100 ºC/min was established, while for CS samples, the heating rate was 10 ºC/min. A lower heating rate allows more time for the grains to form wider bridges (necks), resulting in bigger particle sizes. Increasing temperature for both sintering methods also has an effect in the microstructure. Samples sintered at lower temperature result in smaller grain sizes for both techniques, as can be seen in the FE-SEM micrographs of Figure 6 . According to the micrograph obtained in Fig. 5 , there is also a significant variation in grain size between the samples sintered by MW and CS at the same temperature (1300 ºC). Again, this is attributed to the heating rates, sintering time and heating mechanisms involved in MW sintering, as described above for LAVA. However, these differences are not as pronounced as those observed in LAVA. The differences in grain size of VITA material samples between MW and CS are no more than 100 nm, which is different than those of LAVA, where differences of almost 80 nm are observed. This is a consequence of the state of the raw material, since a pre-sintered block, LAVA and VITA, have already a previous heat treatment and particles have already been consolidated to some extent and the differences in size are more pronounced after processing.
In terms of relative density, TOSOH material shows a higher degree of densification, as well as better mechanical properties. Such a behavior was expected because the starting material is highly controlled as opposed to LAVA and VITA. Since a previous rheological study of this lab-material (TOSOH) was carried out, a more homogenous powder with no aggregate formation was obtained. previously with that of the present study [31, 32] .
These values also comply with the requirements established by dentistry standards for fixed dental prostheses and dental implants. Since all materials are Y-TZP, it would be expected that those sintered under the same conditions (sintering method, temperature, time) resulted in very similar mechanical properties. However, notable differences exist in the presented H v and K IC values due to the fact that the starting material has been obtained from different sources and under different conditions.
Conclusions
The results obtained in this work suggest that microwave sintering, in some cases, results in better mechanical properties in terms of fracture toughness than conventional sintering. It has also been established that the TOSOH material had the highest H v and K IC values, as well as that of relative density and the least variation in average particle size when sintered at lower temperatures. This result is a consequence of the rheological study that has been previously carried out that allows for a more homogeneous starting powder free of aggregates, emphasizing the importance of the raw material. This has a direct effect on the final properties of sintered materials. The resulting microstructure for all samples could be compared in terms of particle size. Smaller grain sizes were obtained for MW-sintered samples than for CS samples in all materials.
Overall, microwave sintering is a very good alternative for sintering and consolidating Y-TZP commercial materials for dental applications due to the resulting finer microstructure, enhanced mechanical properties and reduction in processing times and energy consumption. Table 1 . Summary of the sintering parameters and final grain size determined for all materials after conventional and microwave sintering. 
